The pie~oelectrico an~ dielectric. properties of polaJize~ lead titanate zirconate ceramics were measured between 4, and 77 K. The matc;nals were found to retam strong piezoelectric activity at the lower temperature. for one type of ceramlC the planar piezoelectric coupling in liquid helium was about 80~ of its room temperature value. Its free relative dielectric constant, measured at 1 kc, rose almost linear!; from 380 at ~oK to 1300. at :oom te~perature. The mechanical losses decreased sharply at low temperatures, suggestmg a reductIOn m domam wall mobility.
INTRODUCTION
}1""'ERROELECTRIC ceramics with the perovskite . structure can be oriented by an electric field, causing them to display a high degree of piezoelectric activity at room temperature.
l Due to historical precedence and because single crystals convenient for experimental purposes are available, barium titanate is the best known of these ferroelectrics. In liquid helium the electromechanical planar coupling 2 of barium titanate ceramic is about 0.10 and its dielectric constant 100, compared with room temperature values of 0.35 and 1700. Since piezoelectric activity is measured by the square of the coupling, it is seen that both the dielectric constant and piezoelectric activity of barium titanate are about an order of magnitude lower in liquid helium than at room temperature. Yet for most purposes barium titanate was until recently the best piezoelectric ceramic material available at extremely low temperatures.
This article reports on the properties of lead titanate zirconate ceramics 3 . 4 at low temperatures. These materials are similar to barium titanate, but have a higher Curie temperature and show stronger ferroelectric polarization. It is found that their low temperature dielectric and piezoelectric characteristics are not as greatly reduced below room temperature values as is the case with barium titanate.
EXPERIMENTAL PROCEDURE
The experiments were performed in a 2-liter helium Dewar. The ceramics were contained in a copper enclosure about 2 cm in diameter and 4 cm long wound with 20 m of 45-gauge copper wire which served as a resistance thermometer. The samples were disks 1.5 cm in diameter and 1.0 mm thick.
At the beginning of the experiment the enclosure containing a disk was placed in the Dewar, which had been cooled to liquid nitrogen temperature. Liquid helium sufficient to cover the enclosure was then pumped into the Dewar and the samples were measured. Measurements were continued as the helium evaporated and the temperature again rose to liquid nitrogen temperature. The time for each run was about an hour and a half. The quantities measured were capacity, dissipation factor, resonant and antiresonant frequency for the radial mode of oscillation, and the equivalent resistance at the resonant frequency. Standard piezoelectric techniques were used in the measurement. 2 The determination of mechanical Q in liquid helium requires some comment. At room temperature accurate piezoelectric measurements by resonance methods cannot be made with the sample immersed in liquid. This is because the liquid causes mass loading of the sample and also absorbs energy from it. We found, however, that no appreciable change in properties was observed when our samples were measured immersed in liquid helium or immediately after withdrawal. It was concluded that the acoustic impedance of liquid helium was different enough from that of the ceramic so that energy transfer did not occur.
The copper resistance thermometer which we used had the drawback of being quite insensitive below 20 o K, so that there is a gap in our data between liquid helium temperature and 20°K. In monitoring the disks, there was no evidence of any irregular behavior in this temperature region, and the smooth curve shown in our results appears justified.
RESULTS AND DISCUSSION
The two ceramic compositions investigated were Pbo.96Sro.o6Zro.53Tio.4703 (ceramic I) and PbZro.52Tio.4803 + 1 wt% Nb 2 0 6 (ceramic II). The techniques used in preparing the ceramics have been described by F. Kulesar,··6 and suitable polarization methods are given in reports.1· 8 The niobium addition is made to produce vacancies in the lead position in the lattice, which have the effect of reducing the field required to cause ferroelectric switching in the ceramics. No dielectric evidence of a phase transition was found in either ceramic as the temperature was lowered from room temperature. The ceramics studied are tetragonal in structure, but are very close compositionally to a region of rhombohedral symmetry. While there is a slight tendency for rhombohedral ceramic close to the phase boundary to become tetragonal on heating above room temperature, x-ray investigation below room temperature (77°K) discloses no further phase change. 9 Either the room temperature phase is stable or any transition is a very slow one at low temperatures. Figures 1 and 2 show the variation of piezoelectric planar coupling, frequency constant, and dielectric constant with temperature in the range between the boiling points of liquid helium and liquid nitrogen. It is seen that the tendency is for the dielectric to become stiffer, in both a dielectric and in a mechanical sense, as the temperature is lowered. Frequency constant, a term used in piezoelectric measurements, is the resonant frequency in kilocycles per second of a bar one millimeter long. In the units given, the frequency constant is equal to half the speed of sound in the ceramic in meters per second. Both of the ceramics shown decrease in piezoelectric coupling as the temperature is lowered, indicating a reduced amount of the electrical input energy appearing as strain energy.
The linear relationship between dielectric constant and temperature in this temperature range is interesting. It is sometimes observed in ferroelectrics that a CurieWeiss law is obeyed below, as well as above, the Curie temperature. The Curie temperature of these ceramics is in the neighborhood of 600 o K. The change in dielectric constant between 4° and 80 0 K is over 50%, while the distance from the Curie temperature changes about 13%. Thus the Curie law prediction that dielectric susceptibility varies inversely as the difference between the Curie temperature and the measuring temperature does not apply. The dielectric constant of ceramic I at room temperature is 1300, while that of ceramic II is 1500.
The marked change in frequency constant with temperature in this range may be due to a relaxation process involving ferroelectric domain walls. In single crystals, the coefficient of expansion should approach zero, and Young's modulus should become constant as the temperature approaches absolute zero, although the range in which this occurs may be very limited. The sonic velocity and the frequency constant in a single crystal would also become constant in this temperature range. On the other hand, in lead titanate zirconate ceramics the compliance is probably due partially to motion of domain walls (partial reorientation of the dimensionally anisotropic ferroelectric domains) under stress. This process may be expected to become increasingly more difficult as the temperature is lowered, and the disappearance of the process should be accompanied by an increase in Young's modulus. Domain boundary motion is an intrinsically anharmonic and comparatively lossy process. If the variation in Young's modulus with temperature is due to a change in compliance of the domain boundaries, the mechanical losses of the ceramic should rise as the domain boundaries become more mobile. It was observed that the mechanical losses do increase considerably with rising temperature between the boiling points of helium and nitrogen (Fig. 3) . At room temperature, the mechanical Q of ceramic I rises to about SOO, while that of ceramic II, which has been chemically modified to enhance domain wall mobility, remains below 100 up to its Curie temperature. During the course of our measurements, the ceramics were cycled a number of times between the boiling point of helium and room temperature. No physical damage was evident due to this treatment, and changes in the dielectric and piezoelectric parameters after cycling were slight. The existence of these ferroelectric ceramics of high piezoelectric activity at low temperatures may be a factor of importance in future low temperature instrumentation. The data suggest that the ceramics may be useful as thermometric substances in the low temperature range, but further study of time stability and hysteresis effects in the materials is necessary.
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to first order the anisotropy free-energy density is 00 00
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The theorem is then that
Here v is an individual spin unit vector, { the unit vector along the magnetization gl({) are the symmetry polynomials of order l, <)0 represents a statistical average with respect to the isotropic density matrix, and nzo(T) is the reduced isotropic magnetization.
In the course of a companion study" of the effect of arbitrarily large anisotropy on the Curie temperature it became possible to investigate exactly various attributes of the anisotropy coefficients. We add to the Hamiltonian a uniaxial term, that is, a term with l = 2, in Eq. (1) . This contributes to the free energy terms with all even l greater than or equal to 2. We are then able to investigate the following questions: (1) For what range of perturbation size and of temperatures does the l= 2 term in the free energy follow the l(l+ 1)/2 power law? (2) For a given size of perturbation, how well does the series of Eq. (2) converge at various temperatures? What are the signs of the successive terms? (3) What is the temperature dependence of the higher order terms?
II. ANALYSIS
This paper is an answer to these questions for a specific modeL Our model is a quantum-mechanical spin-one internal field Hamiltonian with a one-io~ ani~otro'pic. term of u?iax~al symmetrYIThe ~agnetl zatlOn lIes m the { dlrectlOn at an a~e.O wIth the z axis. The component of the moment of an lOn along the
